
INFECTION AND IMMUNITY, Aug. 1987, p. 1755-1761
0019-9567/87/081755-07$02.00/0
Copyright © 1987, American Society for Microbiology

Phenotypic Variation in Epitope Expression of the Neisseria
gonorrhoeae Lipooligosaccharide

MICHAEL A. APICELLA,l* MARLENE SHERO,1 GARY A. JARVIS,2 J. M. GRIFFISS 2
ROBERT E. MANDRELL,2 AND HERMAN SCHNEIDER3

Department of Medicine and Microbiology, Division of Infectious Diseases, State University ofNew York at Buffalo,
Buffalo, New York 142151; Department of Laboratory Medicine, University of California, San Francisco, San Francisco,

California 941212; and Walter Reed Army Institute for Research, Washington, D.C. 203073

Received 19 December 1986/Accepted 23 April 1987

Gonococcal lipooligosaccharides (LOSs) are a series of antigenically complex heteropolymers. To investigate
whether all members of clonally selected populations of Neisseria gonorrhoeae express antigenically similar
LOS, we studied gonococcal strains 4505 and 220 with monoclonal antibodies 6B4 and 3F11 which have
specificity for different oligosaccharide epitopes on the same or comigrating LOS unit(s) on sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. Fluorescent-antibody and immunoelectron microscopy studies
indicated that all members of the clonally selected populations were not homogeneous for the epitopes these
antibodies recognized. Fluorescence-activated cell sorting studies of 3F11-coated strain 220 indicated that the
density of epitope expression was a function of time of growth. The population could be separated into two
broad groups corresponding to organisms staining strongly or weakly for the 3F11 epitope, and the epitope
density decreased during the late-log and stationary phases of growth. Sequentially staining organisms on

Formvar grids with 6B4 and 3F11, followed by staining with either 5- or 15-nm colloidal gold spheres
conjugated to goat anti-mouse immunoglobulin M demonstrated the following populations of cells among

organisms derived from a single clone: organisms which stained for both 6B4 and 3F11 epitopes and organisms
which stained for either 6B4 epitopes alone or 3F11 epitopes alone. Immunofluorescence microscopy studies
with rhodamine and fluorescein goat anti-mouse immunoglobulin M conjugates sequentially staining organisms
on Formvar grids with 3F11 and 6B4 also demonstrated these three populations. Analysis of LOS preparations
made over the last 5 years indicated no change in serotype antigen concentration or in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis migration pattern. These studies indicate that while clonally selected
strains of Neisseria gonorrhoeae undergo phenotypic variation at the epitope level, the impact of this variation
on the total LOS of the population has little overall effect on its antigenic or physicochemical properties.

The lipooligosaccharide (LOS) of Neisseria gonorrhoeae
plays an important role in the immunity and pathogenesis of
gonococcal infection. Studies of the fallopian tube organ
culture model indicate that LOS is the principal toxin
associated with N. gonorrhoeae (7). LOS is important in
human immunity since LOS determinants have been shown
to serve as targets for human bactericidal antibody (4).
Despite the relatively small size of individual LOS units and
the absence of repeating 0 side chains, gonococcal LOS has
been demonstrated to have a complex antigenic structure
with at least six antigenically distinct serotype determinants
(1, 3) and two other LOS antigens which are shared by all
(the common determinant) or some (the variable) strains (3).
Studies with monoclonal antibody reagents have confirmed
this antigenic heterogeneity (2, 17). Recent studies of
gonococcal surface protein antigens have focused on the
phase variation that these components have been shown to
undergo (5, 14, 28, 29). LOS, like its analog in enteric
bacteria, lipopolysaccharide, undergoes a complex process
of biosynthesis; thus, it is possible that similar disruptions at
distinct points in the process could result in phase variation
(21). To answer this question, we studied clonally derived
gonococci with monoclonal antibodies specific for different
LOS epitopes at the organism level to determine whether
variation of LOS antigen expression could occur among
individual members of that population. The studies pre-
sented in this paper indicate that such phenotypic variation
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in LOS antigen expression does occur but that the effect on
the antigenic expression of the entire LOS population cannot
be detected with polyclonal antisera or by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

MATERIALS AND METHODS
Bacteria. Strains were obtained from our own collections.

Strain 4505 is the prototype strain for LOS serotype Gc 3 (1).
Strain WR 220 was obtained from the Walter Reed Collec-
tion. Both strains are nonpiliated and opaque. Both strains
were maintained in either skim milk or Mueller-Hinton broth
containing 10% glycerol at -70°C. All strains were reconsti-
tuted on chocolate agar supplemented with IsoVitaleX (BBL
Microbiology Systems, Cockeysville, Md.).
Monoclonal antibodies. Monoclonal antibodies 3F11 and

6B4 were utilized in this study. Both murine antibodies are
immunoglobulin M (IgM) isotype and recognize different
epitopes on the same or comigrating LOS units of all
wild-type gonococci we have tested (17). Both were devel-
oped by standard fusion and screening techniques (2, 13).
Western blot immunoblot analysis. SDS-PAGE was per-

formed by a modification of the method of Laemmli (15) as
suggested by Hitchcock and Brown (11). After the dye front
migrated to the bottom of the gel, the slab was placed on

conditioned nitrocellulose paper and placed in a Transblot
(Bio-Rad Laboratories, Richmond, Calif.) apparatus. Trans-
fer of the LOS occurs in 1.5 h at 50 volts (14). After transfer,
the nitrocellulose paper was blocked with 3% gelatin, ex-
posed to the monoclonal antibody for 1 h, washed with
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TABLE 1. Numerical analysis summary

% of population in specified gates'
Time (h) Clone Al Clone A2 Clone Cl Clone C2

10, 60 60, 250 10, 60 60, 250 10, 60 60, 250 10, 60 60, 250

2 20.9 50.4 21.6 45.0 18.1 55.8 14.7 68.8
4 21.2 49.2 18.6 56.2 35.1 26.2 26.4 48.2
6 25.0 42.0 33.0 20.8 35.8 30.3 38.8 36.0
8 29.6 34.0 32.9 30.9 31.2 19.1 38.5 36.2

a Clones are all from strain 220. Avidin-fluorescein control, 10, 60 = 56.4%;
60, 250 = 1.65%.

phosphate-buffered saline-Tween, and exposed to 1251_
labeled protein A conjugate for 1 h. The paper was washed
and exposed to photographic film.
LOS preparations. LOSs were prepared from N. gonor-

rhoeae by the method of Westphal and Jann (31).
Immunoelectron microscopy. Immunoelectron microscopy

with goat anti-mouse immunoglobulin bound to gold spheres
was the methodology applied to study the phenotypic
expression of LOS epitopes (27). Gonococci were grown for
18 h on GC medium base supplemented with IsoVitaleX.
These organisms were fixed in 3% glutarldehyde, suspended
(approximately 106 CFU/ml) in distilled water, spread as a
thin film on Formvar-coated nickel grids, and stained with
one of the monoclonal antibodies. After incubation, the grids
were washed by spraying with distilled water for 15 s,
stained with 5-nm anti-mouse IgM colloidal gold spheres
(Janssen Biotechnology), incubated, and washed. The sec-
ond monoclonal antibody was then applied, and the process
was repeated with the 15-nm anti-mouse IgM colloidal gold
spheres. The sequence of both monoclonal and conjugate
application was alternated. This did not affect the results
obtained. Experiments were also performed which demon-
strated that at the dilutions of conjugate employed, satura-
tion of the monoclonal antibody by the conjugate was
complete. These experiments in which each of the monoclo-
nal antibodies was stained successively by the conjugates
demonstrated that there was minimal binding of the second
conjugate to the monoclonal antibody after binding of the
first conjugate. The specimens were then examined with a
Siemens Elmskop 1A transmission electron microscope at 80
kV accelerating voltage. Immunoelectron microscopy with
ferritin-labeled anti-mouse IgM conjugates was performed
on Epon-embedded specimens by the methods described by
Pease (23).

Fluorescent-antibody studies. Fluorescent-antibody studies
were accomplished by using fluorescein and rhodamine
anti-mouse IgM conjugates (Kirkegaarde and Perry). Organ-
isms were placed on glass slides, air dried, dipped in
methanol, and stained with either 3F11 or 6B4 followed by
either rhodamine or fluorescein conjugate.
FACS analysis. Fluorescence-activated cell sorter (FACS)

analysis was utilized to evaluate changes in phenotypic
expression with monoclonal antibody 3F11 (30). To ensure
clonality of the strain before the experiment, two single
colonies of strain 220 were picked and serially passed 11
times. These were designated clones A and C in the presen-
tation of the FACS data. For this technique, 107 cells per ml
from duplicate cultures of each clone were reacted with
biotin-conjugated anti-LOS monoclonal antibody. Control
mixtures consisted of organisms without added antibody.
The cells were washed and reacted with fluorescein-labeled
avidin for 15 min. Cells were rewashed and suspended to a
final concentration of approximately 106 cells per ml. Using

a FACS II flow cytometer equipped with an argon ion laser
and interfaced to a Vax computer, we performed dual
parameter FACS analyses on these specimens. Cell-
associated fluorescein with an excitation of 500 mW at 488
nm and fluorescence detection through a 514-nm narrow-
band emission filter were measured. Narrow-angle forward
light scatter was measured as the second parameter. All
fluorescence and forward scatter measurements were stan-
dardized by using fluorescent microspheres of 1.7-p.m diam-
eter. Logarithmic amplification of each fluorescence signal
was used, and the data, which were obtained by analysis of
10,000 bacteria in each sample, were collected in the list
mode. Frequency histograms of fluorescence distribution
were generated by plotting the relative number of cells (y
axis) versus logl0 fluorescence intensity (x axis). The fluo-
rescence distribution of the control mixture was used to
establish positive and negative fluorescence gates. The data
are presented as the percentage of the population found in
each of two gates.
ELISA inhibition analysis. Enzyme-linked immunosorbent

assay (ELISA) inhibition studies were performed to deter-
mine serotype antigen specificity by the methods of Apicella
and Gagliardi (3).

RESULTS

To study the stability of phenotypic expression of LOS
epitopes during in vitro growth, we did the following exper-
iments. The phenotypic expression of LOS epitopes recog-
nized by monoclonal antibodies 3F11 and 6B4 on individual
gonococci was studied. Studies of ferritin staining of 3F11-
treated strain 4505 grown for 2 h in Mueller-Hinton broth
indicated that while the majority of the organisms in the
population stained, examination of multiple fields from mul-
tiple sections indicated that there were organisms present
which failed to stain with this antibody. Similar studies of
organisms grown in supplemented GC broth at 4, 6, and 8 h
showed a progressive decrease in members of the population
which stained for the 3F11 epitope (data not shown).
FACS analysis. To determine the dynamics of 3F11

epitope expression over time in more quantitative experi-
ments, we performed studies utilizing FACS analysis. The
results with two clonal populations of strain 220 are seen in
Table 1. In this table, the 10, 60 gate represents the organ-
isms not stained or weakly staining with 3F11, while the 60,
250 gate represents organisms staining strongly with 3F11. In
all instances, the percentage of the population in specified
gates shifted from predominately stained (45 to 68.8%) at 2 h
to equal numbers of stained and unstained at 8 h. These data
indicate that there was a highly reproducible reduction in
fluorescence (3F11) binding in the entire population as
growth progresses from early to mid-log phase (2 h) to
stationary phase (8 h). Growth curves were measured by
A660 and indicated that slow growth was still occurring at 8 h
when the organisms were entering the stationary phase.
Therefore, autolysis of organisms did not appear to contrib-
ute to these results. Figure 1 shows a composite of FACS
studies of one clone of strain 220 at 2, 4, 6, and 8 h. The shift
from predominately 3F11 stained at 2 h growth to unstained
or less well stained cells at 8 h can be seen.
Immunoelectron microscopy. Further evidence of the

scope of this phenotypic variation in LOS epitope expres-
sion was obtained from the experiments described below. In
these experiments, organisms were stained with 6B4 and
3F11 and counterstained and examined in such a way that
binding of both antibodies could be evaluated on individual
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FIG. 1. FACS analysis of clone Cl of strain 220 grown for 2 (A), 4 (B), 6 (C), and 8 (D) h. Biotinylated monoclonal antibody 3F11 followed
by avidin-fluorescein was used to stain the organismns. Panel E depicts the results obtained with the avidin-fluorescein alone. Forward scatter
for each experiment is presented in the insert in each panel.

members of the clonally selected populations simulta-
neously. In these experiments, gonococci selected from
single colonies of strains 4505 and 220 were grown for either
2 h in supplemented GC broth or 18 h on chocolate agar.

Broth-grown organisms were studied directly on Formvar
grids, while single colonies of organisms grown on agar were
selected and suspended in phosphate-buffered saline, placed
on Formvar-coated nickel grids, and stained with one mono-
clonal antibody (3F11 or 6B4) followed by anti-mouse IgM
bound to 15-nm colloidal gold spheres. The grid was then
stained with the second monoclonal antibody (3F11 or 6B4),
followed by anti-mouse IgM bound to 5-nm colloidal gold
spheres. The grids were then examined at x20,000 with a

transmission electron microscope. Figures 2, 3, and 4 show
the results of these studies. After 18 h of growth on solid
medium or 2 h of growth in broth, individual progeny from
clonally selected populations were present which expressed
different LOS epitopes. Figure 2A shows two strain 4505
organisms obtained from a single colony after 18 h of growth
on chocolate agar exhibiting different LOS epitope patterns
in the same electron microscope field. One organism (Fig.
2B) stains with both 15-nm gold spheres (6B4 epitope) and
5-nm gold spheres (3F11), while the second organism (Fig.
2C) stains only with 5-nm gold spheres (3F11). Studies
performed with strain 220 under the same growth conditions
gave similar results. In addition, members of a colony of
strain 220 grown to the mid-log phase (2 h) in supplemented
GC broth were studied. Members of this population also
demonstrated these phenotypic differences in LOS epitope
expression (Fig. 3 and 4). A variety of combinations of
staining was seen in these experiments. Over 90% of the

populations studied in the mid-log or stationary phase
stained for both LOS epitopes. Rare organisms (Fig. 4) were
present which did not stain for either epitope. The remainder
stained for either the 6B4 or 3F11 epitope.

Fluorescent-antibody studies. Similar results were obtained
with rhodamine and fluorescein goat anti-mouse IgM conju-
gates staining strain 220. Analysis of identical fields of
organisms derived from a single 18-h-old colony of strain 220
stained with 3F11 and counterstained with a goat anti-mouse
IgM-fluorescein conjugate followed by staining with 6B4
counterstained with a goat anti-mouse IgM-rhodamine con-
jugate demonstrated that multiple organisms are present in
the many fields which stain for both epitopes. In addition,
organisms were clearly visible which stained for 6B4 or 3F11
alone (data not shown).
ELISA inhibition and SDS-PAGE. To determine the effect

of this variation in epitope expression on the LOS serotype
antigen determinant, three LOS preparations which were
prepared at the time of this study and 2 years and 5 years
before, respectively, were analyzed in a serotype Gc 3-
specific ELISA inhibition assay and by SDS-PAGE. The
ELISA inhibition analysis for serotype Gc 3 LOS antigen
indicated that the three preparations had 90% inhibition
values of 10, 5, and 5 jig/ml, respectively, and that all had
similar 50% inhibition values (approximately 1 ,ug/ml). The
MrS of the strain 4505 band in SDS-PAGE of the three LOS
preparations were identical (data not shown). This would
indicate that the phenotypic variation which was occurring
within the members of the 4505 population was not having a

detectable effect on the gross physicochemical or antigenic
expression of the population.
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FIG. 2. (A) Immunoelectron micrograph demonstrating differences in phenotypic expression of the 3F11 and 6B4 LOS epitopes on

organisms grown for 18 h from a single colony of N. gonorrhoeae 4505. In this panel, organisms on Formvar grids were treated with 6B4
antibody followed by goat anti-mouse 1gM conjugated to 15-nm gold spheres. The grid was then stained with 3F11 followed by goat anti-mouse
IgM conjugated to 5-nm gold spheres. As can be seen, one organism stains for both 3F11 and 6B4, while the second stains only for 3F11.
Magnification, x50,000. (B) Immunoelectron micrograph demonstrating the organism in panel A which contains both 3F11 (5-nm gold sphere)
and 6B4 (15-nm gold sphere) LOS epitopes. Magnification, x80,000. (C) Immunoelectron micrograph demonstrating organism in panel A
which contains the 3F11 (5-nm gold sphere) LOS and lacks the 6B4 LOS epitope. Magnification, x80,000.
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FIG. 3. Immunoelectron micrograph of clonally selected strain 220 grown for 2 h in broth, using colloidal gold staining for the detection
of 3F11 (15 nm) and 6B4 (5 nm). As can be seen, three organisms are present, two of which stain for both 3F11 and 6B4, while the remaining
organism stains only for 6B4. Magnification, x45,000.

DISCUSSION

Previous studies with continuous culture techniques have
demonstrated the effect of the nutritional environment on
gonococcal LOS antigen expression (20). The present stud-
ies extended this observation by using FACS analysis of
specific LOS epitopes during growth in broth cultures. In
addition, using two monoclonal antibodies with specificity
for different epitopes on the oligosaccharide units of
gonococcal LOS, we demonstrated that phenotypic varia-
tion of LOS epitope expression is occurring during in vitro
growth among organisms derived from single colonies ob-
tained from two different gonococcal strains. Colloidal gold
studies indicated that the 6B4 and 3F11 epitopes are located
on distinct LOS chains since geographically discrete staining
for both epitopes can be recognized on individual organisms.
Thus, in addition to indicating that phenotypic differences in
LOS structure can exist between members of a clone, these
studies demonstrate that LOS chains with different antigenic
composition can exist on the same organism.

Despite the variation at the epitope level demonstrated in
this study, the gross antigenic structure of LOS as defined by
absorbed polyclonal antisera has been demonstrated to
remain constant in different LOS preparations isolated over
a 5-year period of study. Given this constancy of the
antigenic expression of individual LOSs and of the repro-
ducibility of the LOS banding pattern of an individual strain
by SDS-PAGE analysis, the regulation of the epitope varia-
tion described in this paper must be controlled within narrow

limits by either environmental or genetic factors or a com-
bination of both.
The biosynthesis of enteric lipopolysaccharide has been

shown to involve a series of discrete steps which include (i)
the synthesis of the lipid A (9, 24, 25), (ii) the synthesis of the
core oligosaccharide (6, 8, 10, 16), (iii) the assembly of the 0
side chain polysaccharide on an undecaprenol carrier (21,
22, 26), (iv) the polymerization of the repeating units on the
carrier lipid (22), (v) the translocation of the side chain
polysaccharide onto the core (22), and (vi) the postassembly
modifications which often involve the addition of glucosyl
and other branch structures to certain positions of the side
chain (22, 32). Despite the conserved nature of the epitopes
recognized by 3F11 and 6B4, they are in some way associ-
ated with the serotype determinants of gonococcal LOS
because loss of the serotype determinants in pyocin-selected
mutants (2, 19) has been shown to be associated with
concomitant loss in the expression of the 3F11 and 6B4
epitopes on the intact LOS (2, 17). If biosynthetic mecha-
nisms analogous to those given above can be proposed for
gonococcal LOS, it would appear that it is most likely that
alterations in some process involving either the translocation
of side chains onto a core structure or postassembly modi-
fication of branch structures on the side chains are respon-
sible for the antigenic variation seen with these two mono-
clonal antibodies. Such processes could be controlled by
single-enzyme processes and would be subject to relatively
minor genetic variation for differences in expression.
The phase variation of outer membrane protein II and
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FIG. 4. Immunoelectron micrograph of clonally selected strain 220 grown for 2 h in broth, using colloidal gold staining for the detection
of 6B4 (15 nm) and 3F11 (5 nm). One organism stains for both epitopes, while the second stains minimally for 3F11. Magnification, x45,000.

pilus have been well described (5, 28, 29). It has been shown
that during phase variation, the pilin gene is turned on and
off at high frequencies (28). Two loci on the gonococcal
chromosome function as expression sites for the pilin gene,
and many other sites contain silent, variant pilin sequences.
When gonococcal cells switch from the pilus-expressing
state to the nonexpressing state, genome rearrangement
occurs. This leads to the considerable antigenic variation in
pilin which can occur in a single strain. It is unlikely that the
LOS variation has as its cause a similar genetic basis. The
total antigenic expression of the LOS is not modified signif-
icantly by the variation at the epitope level, and recent
studies would indicate that transformation to cells with
expression of both epitopes is constantly occurring (C. A.
Hammack, J. M. Griffiss, M. A. Apicella, and H. Schneider,
in Proceedings of the 5th International Conference on
Pathogenic Neisseria, in press).
We are attempting to determine whether this variation also

occurs in vivo. Studies of genital secretions from infected
humans indicate that both the 3F11 and 6B4 epitopes are
present on the same gonococci in these secretions. We are
not able to determine now whether organisms are undergo-
ing the in vitro antigenic variation we described in this paper.
Recently, Hammack and co-workers using the same mono-
clonal antibodies described in this manuscript isolated colo-
nies from clonal populations which have different expres-
sions of the 6B4 and 3F11 epitopes on the LOS of the
organisms in their population (Hammack et al., in press).
These studies indicate that phenotypic variation of gono-

coccal LOS occurs under conditions of in vitro growth.
Recent advances in molecular biology have led to the

isolation of the biosynthetic genes for the lipopolysaccharide
of Salmonella typhimurium (12) and Vibrio cholerae (18).
The gene order for S. typhimurium lipopolysaccharide has
been determined (12). A recent report has indicated that the
biosynthetic genes for gonococcal LOS have been expressed
in Escherichia coli (D. A. Palermo and V. L. Clark, in
Proceedings of the 5th International Conference on Patho-
genic Neisseria, in press). Expansion of these studies will
lead to a definition of the mechanisms responsible for the
phenotypic variation of LOS epitope expression seen in this
study. Further studies are necessary to define the mecha-
nisms responsible for this observation.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grants Al
18384 (M.A.A.) and Al 21260 (J.M.G.) from the National Institutes
of Health, by the Veterans Administration, and by the U.S. First
Army Augmentation Detachment, Fort Meade, Md.
Flow cytometric data were obtained through the assistance of the

laboratory for cell analysis, University of California, San Francisco.

LITERATURE CITED
1. Apicella, M. A. 1976. Serogrouping of Neisseria gonorrhoeae:

identification of four immunologically distinct acidic polysac-
charides. J. Infect. Dis. 134:377-383.

2. Apicella, M. A., K. M. Bennett, C. A. Hermerath, and D. E.
Roberts. 1981. Monoclonal antibody analysis of lipopolysaccha-
ride from Neisseria gonorrhoeae and Neisseria meningitidis.
Infect. Immun. 34:751-756.

3. Apicella, M. A., and N. C. Gagliardi. 1979. Antigenic heteroge-
neity of the nonserogroup antigen structure of Neisseria gonor-
rhoeae lipopolysaccharides. Infect.Immun. 26:870-874.

INFECT. IMMUN.

.js0

.4Mg

A 1. I. -.11I
ilo .1 . .-O

0 .0'a.- . .



PHENOTYPIC VARIATION OF GONOCOCCAL LOS 1761

4. Apicella, M. A., M. A. Westerink, S. A. Morse, H. Schneider,
P. A. Rice, and J. M. Griffiss. 1986. Bactericidal antibody
response of normal human serum to the lipooligosaccharide of
Neisseria gonorrhoeae. J. Infect. Dis. 153:520-526.

5. Bergstrom, S., K. Robbins, J. M. Koomey, and J. Swanson.
1986. Piliation control mechanisms in Neisseria gonorrhoeae.
Proc. Natl. Acad. Sci. USA 83:3890-3904.

6. Droge, W., V. Lehman, 0. Luderitz, and 0. Westphal. 1970.
Structural investigations on the 2-keto-3-deoxyoctonate region
of lipopolysaccharide. Eur. J. Biochem. 21:339-347.

7. Gregg, G. R., A. P. Johnson, D. Taylor-Robinson, M. A. Melly,
and Z. A. McGee. 1981. Host species-specific damage to oviduct
mucosa by Neisseria gonorrhoeae lipopolysaccharide. Infect.
Immun. 34:1056-1058.

8. Hammerling, G., V. Lehmann, and 0. Luderitz. 1973. Studies
on the heptose region of the Salmonella lipopolysaccharides.
Eur. J. Biochem. 38:453-458.

9. Hase, S., and E. T. Rietschel. 1977. The chemical structure of
the lipid A component of lipopolysaccharides from Chromobac-
terium violaceum NCTC 9694. Eur. J. Biochem. 75:23-24.

10. Hellerqvist, C. G., and Q. A. A. Lindberg. 1971. Structural
studies of the common-core polysaccharide of the cell-wall
lipopolysaccharide from Salmonellac minnesota. Carbohydr.
Res. 16:39-48.

11. Hitchcock, P. J., and T. M. Brown. 1983. Morphological heter-
ogeneity among Sailmonella lipopolysaccharide chemotypes in
silver-stained polyacrylamide gels. J. Bacteriol. 154:269-277.

12. Kadam, S. K., A. Rehemtulla, and K. E. Sanderson. 1985.
Cloning of rfaG, B, I, and J genes for glycosyltransferase
enzymes for synthesis of the lipopolysaccharide core of So/lm1o-
nella typhimnurium. J. Bacteriol. 161:277-284.

13. Kennert, R. H. 1979. Cell fusion. Methods Enzymol. 58:
345-359.

14. Knecht, D. A., and R. L. Dimond. 1984. Visualization of
antigenic proteins on Western blots. Anal. Biochem. 136:180-
184.

15. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of the bacteriophage T4. Nature (London)
227:680-685.

16. Lehmann, V., 0. Luderitz, and 0. Westphal. 1971. The linkage
of pyrophosphorylethanolamine to heptose in the core of the
Salnonella mninnesotla lipopolysaccharide. Eur. J. Biochem. 21:
339-347.

17. Mandrell, R., H. Schneider, M. Apicella, W. Zollinger, P. A.
Rice, and J. M. Griffiss. 1986. Antigenic and physical diversity
of Neisseriai(gonorrlhoeaie lipooligosaccharides. Infect. Immun.
54:63-69.

18. Manning, P. A., M. W. Heuzenroeder, J. Yeadon, D. I.
Leavesley, P. R. Reeves, and D. Rowley. 1986. Molecular cloning
and expression in Escherichia coli K-12 of the 0-antigens of the

Inaba and Ogawa serotypes of the Vibrio cholerae 01 lipopoly-
saccharide and their potential for vaccine development. Infect.
Immun. 53:272-277.

19. Morse, S. A., and M. A. Apicella. 1982. Isolation of a lipopoly-
saccharide mutant of Neisseria gonorrhoeae: an analysis of the
antigenic and biologic differences. J. Infect. Dis. 145:206-216.

20. Morse, S. A., C. S. Mintz, S. K. Sarafian, L. Bartenstein, M.
Bertram, and M. A. Apicella. 1983. The effect of dilution rate on
lipopolysaccharide and serum resistance of Neisseria gonor-
rhoeae grown in continuous culture. Infect. Immun. 41:74-83.

21. Nikaido, H. 1968. Biosynthesis of cell wall lipopolysaccharide in
gram negative enteric bacteria. Adv. Enzymol. 31:77-124.

22. Nikaido, H. 1965. Biosynthesis of cell wall polysaccharide in
mutant strains of Salmonella. III. Transfer of L-rhamnose and
D-galactose. Biochemistry 4:1550-1561.

23. Pease, D. C. 1964. Histologic techniques for electron micros-
copy, p. 247-250. Academic Press, Inc., New York.

24. Rick, P. O., L. W.-M. Fung, C. Ho, and M. J. Osborne. 1977.
Lipid A mutants of Salmnonella typhimurium. Purification and
characterization of a lipid A precursor produced by a mutant in
3-deoxy-D-mannooctulosonate-8-phosphate synthetase.J. Biol.
Chem. 252:4904-4912.

25. Rietschel, E. T., 0. Luderitz, and 0. Westphal. 1969. Biochem-
ical studies on lipopolysaccharides of Salmonella R mutants.
Investigations on the structure of the lipid A component. Eur. J.
Biochem. 7:370-379.

26. Robbins, P. W., and A. Wright. 1971. Microbial toxins, vol. 4, p.
351-368. Academic Press, Inc., New York.

27. Robinson, E. N., Z. A. McGee, J. Kaplan, M. E. Hammond,
J. K. Larson, T. M. Buchanon, and G. K. Schoolnik. 1984.
Ultrastructural localization of the specific gonococcal macro-
molecules with antibody-gold sphere immunological probes.
Infect. Immun. 46:361-366.

28. Segal, E., P. Hagblom, H. S. Seifert, and M. So. 1986. Antigenic
variation of gonococcal pilus involves assembly of separated
silent gene segments. Proc. Natl. Acad. Sci. USA 83:2177-2181.

29. Sparling, P. F., J. G. Cannon, and M. So. 1986. Phase variation
of pili and outer membrane protein II of Neisseria gonorrhoeae.
J. Infect. Dis. 153:196-201.

30. Steen, H. B., E. Boye, K. Skarstad, B. Bloom, T. Godal, and S.
Mustafa. 1982. Applications of flow cytometry on bacteria: cell
cycle kinetics, drug effects, and quantitation of antibody bind-
ing. Cytometry 2:249-257.

31. Westphal, O., and K. Jann. 1972. Extraction with phenol-water
and further applications of the procedure. Methods Carbohydr.
Chem. 5:83-91.

32. Yuasa, R., M. Levinthal, and H. Nikaido. 1969. Biosynthesis of
cell wall lipopolysaccharide in mutants of salmonella. V. A
mutant of Satlmonella typhIimuriumn defective in the synthesis of
cytidine diphosphoabequose. J. Bacteriol. 100:433-444.

VOL. 55, 1987


